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Abstract: Following the discovery of the Higgs boson with a mass of approximately 125 GeV at the LHC, many
studies have been performed from both the theoretical and experimental viewpoints to search for a new Higgs Boson
that is lighter than 125 GeV. We explore the possibility of constraining a lighter neutral scalar Higgs boson h1
and a lighter pseudo-scalar Higgs boson a1 in the Next-to-Minimal Supersymmetric Standard Model by restricting
the next-to-lightest scalar Higgs boson h2 to be the one observed at the LHC after applying the phenomenological
constraints and those from experimental measurements. Such lighter particles are not yet completely excluded by the
latest results of the search for a lighter Higgs boson in the diphoton decay channel from LHC data. Our results show
that some new constraints on the Next-to-Minimal Supersymmetric Standard Model could be obtained for a lighter
scalar Higgs boson at the LHC if such a search is performed by experimental collaborations and more data. The
potentials of discovery for other interesting decay channels of such a lighter neutral scalar or pseudo-scalar particle
are also discussed.
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1 Introduction
The Standard Model (SM) of particle physics has
been highly successful in explaining high-energy exper-
imental results. A Higgs boson with a mass of approx-
imately 125 GeV was observed at the LHC with prop-
erties consistent with the Higgs boson predicted by the
SM [1–4]. However, the observed signal strength of the
Higgs boson is somewhat biased against the SM predic-
tion within 1 or 2 times of the experimental uncertainty
in each final state. Many important questions dealing
with the nature and origin of the Higgs boson observed
at the LHC remain unanswered. The Higgs boson can be
embedded in some models beyond the Standard Model
(BSM), such as supersymmetric models, which can eas-
ily accommodate the discovered Higgs boson and address
the deficiencies of the Standard Model.
Supersymmetry (SUSY) [5–8] is one theoretical pos-
sibility for BSM physics. It introduces a symmetry
between fermions and bosons. The most common frame-
work and minimal realization of SUSY is the Minimal
Supersymmetric Standard Model (MSSM) [9–11], which
keeps limit the number of new fields and couplings to
the minimum. In the MSSM, the Higgs sector contains
two Higgs doublets, which leads to a spectrum includ-
ing two CP-even, one CP-odd, and two charged Higgs
bosons. The Lagrangian of the MSSM contains a super-
symmetric mass term, namely the µ-term. This mass
term is invariant under supersymmetry, and therefore it
seems unrelated to the electroweak scale, although it is
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phenomenologically required to be in this scale. This
leads to the well-known “µ problem” [12, 13] in the
MSSM. In addition, the MSSM suffers from another se-
rious flaw, namely the little hierarchy problem [14, 15].
The simplest solution is the so-called Next-to-Minimal
Supersymmetric Standard Model (NMSSM), which in-
troduces a new gauge singlet superfield that only couples
to the Higgs sector in a similar manner to the Yukawa
coupling, and can generate a µ parameter dynamically
of the order of the SUSY breaking scale, solving the “µ
problem” and the little hierarchy problem without re-
quiring much fine-tuning [16–23]. Meanwhile, this new
singlet adds additional degrees of freedom to the NMSSM
particle spectrum. In the CP conserving case, which is
assumed in this paper, the seven observable states in the
Higgs sector can be classified into three CP-even Higgs
bosons hi (i = 1,2,3), two CP-odd Higgs bosons aj (j =
1,2), and two charged Higgs bosons h±.
The extended parameter space of the NMSSM gives
rise to a rich and interesting phenomenology. The light-
est CP-even Higgs bosons (h1) with a mass range down
to approximately 80 GeV, assuming the next-to-lightest
CP-even Higgs boson h2 as the new particle observed
with a mass of ∼125 GeV, was studied with the dipho-
ton (γγ) final state in [24]. A Higgs decaying into γγ
is one of the two most promising channels for Higgs dis-
covery at the LHC. The discovery prospects for a light
scalar in the NMSSM [25] and Two-Higgs Doublet Mod-
els (2HDM) [26] have been considered, and comparisons
with the CMS low mass diphoton analysis results at
√
s
= 8 TeV [27] have been performed. Recently, the CMS
collaboration updated the results of the search for low
mass Higgs bosons in the diphoton channel with the full
2016 data set at
√
s = 13 TeV [28]. No significant ex-
cess has been observed by the CMS collaboration in the
mass range of 70 GeV to 110 GeV. The observed up-
per bounds on the corresponding signal rate may help
to place new constraints on the Next-to-Minimal Super-
symmetric Standard Model.
In this paper, we explore the possibility of constrain-
ing a lighter neutral scalar Higgs boson h1 and a lighter
pseudo-scalar Higgs boson a1 in the NMSSM by restrict-
ing the next-to-lightest scalar Higgs boson h2 to be the
observed 125 GeV state, by comparing the lighter parti-
cles in the NMSSM with the latest CMS results with the
full 2016 data set at
√
s = 13 TeV, after the constraints
from the experimental measurements and other sources
have been imposed. The structure of this paper is as
follows. In Section 2, we briefly introduce the Higgs sec-
tor of the NMSSM, the details of different constraints,
and the chosen parameter ranges. Section 3 presents the
results of the study for the lighter scalar Higgs boson
a1. Section 4 is dedicated to the study of the case in
which the lighter resonance is the pseudo-scalar particle
a1. Finally, the conclusions are presented in Section 5.
2 NMSSM and constraints on the
NMSSM
2.1 Description of NMSSM
The general NMSSM is a supersymmetric extension
of the Standard Model that includes two Higgs super-
fields Hˆu and Hˆd and an additional gauge singlet chiral
superfield Sˆ. In this paper, we consider the NMSSM
with a scale invariant superpotential WNMSSM and the
corresponding soft SUSY-breaking masses and couplings
Lsoft, both of which are limited to the R-parity and CP-
conserving case. The superpotential WNMSSM, depending
on the Higgs superfields Hˆu and Hˆd and Sˆ, can be ex-
pressed as [16]
WNMSSM=huQˆ·HˆuUˆ cR+hdHˆd·QˆDˆcR+heHˆd·LˆEˆcR
+λSˆHˆu·Hˆd+1
3
κSˆ3. (1)
In above formula, the first three terms on the right-
hand side represent the Yukawa couplings of the quark
and lepton superfields. The fourth term indicates that
the µ-term µHˆuHˆd of the MSSM superpotential is re-
placed by λSˆHˆuHˆd. The last term, which is cubic in
the singlet superfield Sˆ, is introduced to avoid the ap-
pearance of a Peccei-Quinn axion, which is tightly con-
strained by cosmological observations [16]. The corre-
sponding soft SUSY-breaking masses and couplings are
given in the SLHA2 [29] conventions by the following
equation [16]:
−Lsoft=m2Hu |Hu|2+m2Hd |Hd|2+m2S|S|2+m2Q|Q|2
+m2U |UR|2+m2D|DR|2+m2L|L|2+m2E|ER|2
+huAuQ·HuU cR−hdAdQ·HdDcR−heAeL·HdEcR
+λAλHu·HdS+1
3
κAκS
3+h.c.. (2)
In the above Eq. 1 and Eq. 2, it is clear that the non-
zero vacuum expectation value s of the singlet Sˆ of the
order of the weak or SUSY-breaking scale gives rise to
an effective µ-term with
µeff =λs. (3)
Here, λ is dimensionless, hence the “µ problem” of the
MSSM is solved. Meanwhile, the three SUSY-breaking
mass-squared terms for Hu, Hd, and S in Lsoft can be
expressed as functions of their VEVs (vacuum expecta-
tion values) through the three minimization conditions
of the scalar potential. Therefore, the Higgs sector of the
NMSSM is described by the following six parameters:
λ,κ,Aλ,Aκ,tanβ=
〈Hu〉
〈Hd〉 ,µeff =λ〈S〉, (4)
in which each pair of brackets denotes the VEV of the
respective superfield inside them. Besides these six
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parameters of the Higgs sector, the squark and slepton
soft SUSY-breaking masses and the trilinear couplings,
as well as the gaugino soft SUSY-breaking masses, also
must be specified, as described in the following section,
in order to describe the model completely.
2.2 Constraints on the NMSSM and its param-
eters
The program package NMSSMTools (version
5.2.0) [30] is employed in this study to calculate the
SUSY particles, the spectrums of the NMSSM Higgs
bosons, their decaying branching ratios (BR), and the
reduced couplings of the NMSSM Higgs bosons to other
particles. NMSSMTools contains four subpackages,
NMHDECAY, NMSDECAY, NMSPEC, and NMGMSB.
The FORTRAN code NMHDECAY provides the masses,
decay widths, branching ratios and reduced couplings to
other particles, for Higgs bosons that will be used in
this paper. In this paper, we consider the four Higgs
production modes of gluon-gluon fusion through a heavy
quark loop (ggh), the vector boson fusion process (vbf),
the associate production of Higgs with a vector boson
(vh), and the associated production of a Higgs with a
pair of top quarks (tth). The cross sections for differ-
ent production modes of each NMSSM Higgs boson are
obtained from the linear interpolation of the 5 GeV per
step cross section values taken from the handbook of the
LHC Higgs Cross Section Working Group [31] for a SM-
like BSM Higgs boson, and multiplied by the reduced
couplings of each NMSSM Higgs boson to gluons κ2g,
gauge bosons κ2V , and fermions κ
2
f , which are given by
the output of NMSSMTools. The NMSSMTools package
applies all phenomenological constraints, including the
absence of Landau singularities below the GUT scale
and the constraints from flavor physics, dark matter
relic density Ωh2, anomalous magnetic moment of the
muon (g−2), Higgs searches in various channels, and di-
rect searches for SUSY particles at LEP, Tevatron, and
LHC, with the details described in [30].
The six NMSSM specific parameters described above
are varied in the following ranges:
0.55<λ<0.75, 0.05<κ<0.3, 3<tanβ<6,
150 GeV<µeff<350 GeV,
−500 GeV<Aκ<0 GeV,
500 GeV<Aλ<1600 GeV. (5)
To choose values of λ and κ that are sufficiently large
but small enough to avoid a Landau pole below the GUT
scale and low values for tanβ that naturally keep the
amount of fine-tuning as low as possible is suitable for
this study. We found that wider ranges of the trilinear
couplings Aκ, Aλ, and µeff have practically no impact on
our results.
The soft SUSY-breaking mass terms for the squark
(MU , MD, and MQ) and sleptons (ML and ME), the soft
SUSY-breaking trilinear couplings (AD, AE, and AU),
the gluino mass (M3), and the other soft SUSY-breaking
gaugino masses (M1 and M2) have been set as
MQ=MU=MD=1000 GeV,
ML=ME=300 GeV,
AD=AE=AU=1000 GeV,
100 GeV<M1<150 GeV,
150 GeV<M2<250 GeV,
1000 GeV<M3<2000 GeV. (6)
Using the NMSSMTools package and the general
NMSSM model, we have performed random scans with
about 10 billion points in the specific parameter space
described above. For each point in the parameter space
satisfying the phenomenological constraints, we require
that an SM-like Higgs state, the next-to-lightest scalar
Higgs boson h2 in NMSSM, must be within the allowed
theoretical uncertainty of 3 GeV around the measured
mass 125.1 GeV at the LHC using the whole Run1
Fig. 1. Mass spectrum of the two lightest scalar Higgs bosons h1 and h2 (left panel), and the signal strengths of
h2→γγ versus the signal strengths of h2→V V ∗ (right panel), from the NMSSM scans with the constraints.
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data [32] (125.1±3 GeV) and couplings of h2 to gauge
bosons and fermions in the 3σ ranges of the best-fit val-
ues given in [33, 34]. With these constraints, around
1.40 million points remain. Fig. 1 shows the mass dis-
tributions of the two lightest scalar Higgs bosons h1 and
h2, and the signal strengths of h2→γγ versus the signal
strengths of h2 → V V ∗ (V V ∗=ZZ/W+W−), with the
signal strength defined as the relative ratio of the cross
section time branching ratio of the Higgs boson from each
NMSSM point to the SM-like BSM predicted value from
the handbook of the LHC Higgs Cross Section Working
Group [31].
With the full 2016 data set at
√
s = 13 TeV, the
CMS collaboration have updated the results for search-
ing for a light resonance decaying into two photons in
the mass range from 70 GeV to 110 GeV [28]. To com-
pare with the experimental sensitivity and to explore the
discovery potentials for other interesting decay channels,
the masses of the lightest scalar Higgs boson h1 and the
lightest pseudo-scalar Higgs boson a1 are constrained in
the range from 60 GeV to 120 GeV in the following sec-
tions.
3 Results for a lighter scalar Higgs boson
In this section, we will explore the possibility that the
signal may be given by the lightest scalar Higgs boson h1
in the NMSSM. We perform a detailed comparison with
the sensitivity of the CMS search at 13 TeV. About 1.25
million points are selected from the random scans pass-
ing the phenomenological constraints, the mass and sig-
nal strength constraints on h2, and the mass constraint
on h1 with a mass range from 60 GeV to 120 GeV .
The left panel of Fig. 2 shows the signal strengths of
h1 decaying into a diphoton µh1→γγ plotted against the
mass of the Higgs boson h1 (Mh1). It can be seen that a
sizable enhancement over the SM-like Higgs rate is possi-
ble for the Higgs boson h1, with the largest strength ∼2.2
occurring at an h1 mass of∼85 GeV. We note that for the
mass ranges Mh1 < ∼80 GeV and Mh1 > ∼110 GeV, the
allowed signal strengths µh1→γγ are considerably lower
than 1. In particular, for Mh1 < ∼75 GeV the signal
strengths are below ∼0.2. The production rates in fem-
tobarns (fb) of h1 decaying into γγ versus Mh1 are also
plotted for the combined ggh and tth production mode
((σ×BR)ggh+tthh1→γγ ) in the middle panel and for the com-
bined vbf and vh production mode ((σ×BR)vbf+vhh1→γγ ) in
the right panel of Fig. 2, superimposed on the public
observed exclusion limits of the CMS collaboration with
the full 2016 data set at
√
s = 13 TeV [28] shown by
the red line. These comparisons show that there is no
sensitivity in the vbf+vh production mode, but many
points are above the CMS observed upper limit in the
ggh+tth production mode for a light Higgs boson with
mass Mh1 > ∼80 GeV. For the vbf+vh production mode,
it is possible to obtain points above the CMS observed
upper limit in the near future with more proton-proton
collision data accumulated at the LHC.
As the points above the observed CMS upper limit
are excluded at the 95% confidence level, we can expect
to exclude some NMSSM region in the parameter space
thanks to this analysis. To illustrate this point, in Fig. 3
we compare several sensitivity parameters for two differ-
ent cases. The top three figures show all the selected
1.25 million points in the 2D planes of tanβ vs λ, λ vs κ,
and µeff vs κ. The bottom panel shows the correspond-
ing figures for the points with (σ×BR)h1→γγ above the
CMS observed upper limit, and consequently excluded
by the experiment in the mass range from 70 GeV to
110 GeV. The parameter ranges of the excluded points
overlap with the rest points that are not excluded by
the experiment. Therefore, we cannot conclude that the
Fig. 2. (color online) Signal strengths of h1 decaying into the diphoton (µh1→γγ) versus the mass of h1 (left panel) and
the signal rates as functions of the h1 mass generated in the general NMSSM superimposed on the observed results
of the CMS 13 TeV low-mass diphoton analysis [28] in the combined ggh and tth production mode (σ×BR)ggh+tthh1→γγ
(middle panel) and in the combined vbf and vh production mode (σ×BR)vbf+vhh1→γγ (right panel).
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Fig. 3. (color online) Two-dimensional scatter plots of the input parameters tanβ vs λ, λ vs κ, and µeff vs κ for all
selected points passing the phenomenological constraints, the mass and signal strength constraints on h2, and the
mass constraint on h1 with a mass range from 60 GeV to 120 GeV are shown in the top panels. The corresponding
two-dimensional scatter plots of the input parameters for the selected points further excluded by the observed
upper limits of the CMS 13 TeV low-mass diphoton analysis with a mass range from 70 GeV to 110 GeV are shown
in the bottom panels.
parameter ranges shown in the bottom three figures are
excluded by the experiment. Nevertheless, it can be seen
by comparing of the top and bottom figures that the
points with higher tanβ but lower λ from the bottom-
left panel, with lower λ (< 0.6) from the bottom-middle
panel, or with lower µeff (< 180 GeV) from the bottom-
right panel are not sufficiently sensitive to larger pro-
duction rates to be excluded by the experiment. The
excluded points populate the parameter space with tanβ
around 4, λ around 7, κ around 0.13, and µeff around
300 GeV.
In addition, we also checked the production rates
of other interesting decay channels, including bb¯, τ+τ−,
W+W−, ZZ, Zγ, and µ+µ−, to investigate the discov-
ery potentials of h1 in these channels. Fig. 4 shows the
production rates in picobarns (pb) for h1 decaying into
bb¯, τ+τ−, W+W−, ZZ, Zγ, and µ+µ−, as functions of
its mass Mh1 . The h1→ bb¯, h1→τ+τ−, and h1→µ+µ−
decay have tight correlations on the branching ratios, al-
though with different values. Therefore, the shapes of
their production rates as functions of Mh1 are similar.
In addition, the similar shapes of production rates of
h1 → W+W−, h1 → ZZ and h1 → Zγ are a result of
the tight correlations on the branching ratios. Among
these decay channels, the signal rate of h1→ bb¯ is rea-
sonably large, as the rates can reach up to 18 pb with
Mh1 at around 95 GeV. For the h1→W+W−, h1→ZZ,
and h1→Zγ channels, the signal rates decrease with de-
creasing Mh1 . For the bb¯ and τ
+τ− final states in the
investigated mass range, the signal rates are sufficiently
large that it is very possible to detect h1 by experiments
at the LHC via these two channels.
4 Results for a lighter pseudo-scalar
Higgs boson
As the kinematic behavior of the two photons com-
ing from the decay of a pseudo-scalar particle is very
similar to that resulting from a scalar particle [35], we
can directly apply the CMS study as in the scalar case
to constrain a possible light pseudo-scalar. Because the
mass of the heavier pseudo-scalar a2 from NMSSM scans
is considerably larger than that of the Higgs observed at
the LHC, we focus on the lightest pseudo-scalar a1 in the
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Fig. 4. Signal rates as functions of the h1 mass for other interesting decay channels: (σ×BR)h1→bb¯ (top left),
(σ×BR)ggh+tth
h1→τ+τ− (top middle), (σ×BR)
vbf+vh
h1→W+W− (top right), (σ×BR)
ggh+tth
h1→ZZ (bottom left), (σ×BR)
vbf+vh
h1→Zγ
(bottom middle), and (σ×BR)vbf+vh
h1→µ+µ− (bottom right).
following. From the random scans after the phenomeno-
logical constraints and the mass and signal strength con-
straints on h2 have been imposed, the mass distributions
of the lightest pseudo-scalar a1 versus the scalar Higgs
bosons h2 are shown in the top left panel of Fig. 5. Then,
about 187,000 points are selected after the constraint of
a1 within the mass range from 60 GeV to 120 GeV has
been imposed.
The lightest CP-odd Higgs boson a1 primarily decays
to fermions, owing to the absence of tree-level couplings
with gauge bosons. As shown in the top-right panel of
Fig. 5, it decays dominantly to bb¯ with BR ∼90% for the
low mass range. For a1→γγ with a1 in the mass range
of 60 GeV to 120 GeV, the BR is less than 7×10−4 for all
the selected points. As shown in the bottom left panel,
the signal rates of a1→γγ for all the selected points in
the combined ggh and tth production mode are lower
than 0.3 fb, which is far below the CMS-observed up-
per limits, as the red line shows in the middle panel of
Fig. 2. In addition, for the combined vbf and vh pro-
duction mode the signal rates of a1→γγ with the points
shown in the bottom right panel of Fig. 5 are also far
below the CMS-observed upper limit on the production
cross-section times the branching ratio, as the red line
shows in the right panel of Fig. 2. Therefore, we conclude
that CMS had no sensitivity to a light pseudo-scalar in
the diphoton final state with the data collected in the
year 2016.
We have also checked the production rates for other
interesting decay channels of a1, to investigate the dis-
covery potentials of a1 in these channels. Fig. 6 shows
the production rates in femtobarns (fb) for a1 decaying
into bb¯, τ+τ−, W+W−, ZZ, Zγ, and µ+µ− as functions
of its mass Ma1 . As expected, a1→ bb¯ is the dominant
decay channel, with signal rates of up to about 3800 fb,
and h1→τ+τ− is the sub-dominant decay channel, with
signal rates of up to about 300 fb. For the bb¯ decay of a1,
the cross section is sufficiently large to search for a1 at
the LHC if the large backgrounds can be well suppressed.
As for the top quark pair final states, it is also possible
to detect a low-mass a1 in this channel. Considering the
BRs of the cascade decays of W and Z, it will be diffi-
cult to search for a1 with the W
+W− and ZZ channels
with all the LHC Run2 data. It is also difficult to search
for a1 with h1→µ+µ−, owing to the small signal rates
and the acceptance times the selection efficiency for the
signal events, which is ∼50% for a 125 GeV SM Higgs
boson [36, 37]. For the lower signal rates of Zγ decay, it
is impossible to search for a1 in the Zγ channel for all
LHC Run2 data.
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Fig. 5. Mass spectrum of the lightest pseudo-scalar Higgs bosons a1 versus h2 (top left panel) after the phenomeno-
logical constraints and constraints on h2 have been imposed, distributions of the branching ratios of a1→bb¯ versus
a1→γγ (top right) and the signal rates of a1→γγ versus the mass of a1 for different combined production modes
with (σ×BR)ggh+ttha1→γγ for ggh+tth (bottom left), and (σ×BR)vbf+vha1→γγ for vbf+vh (bottom right) after the further
mass constraint on a1 has been imposed.
5 Conclusions
Following the discovery of the Higgs boson with a
mass of approximately 125 GeV at the LHC, many stud-
ies from both the theoretical and experimental view-
points have been performed to search for a new Higgs
Boson that is lighter than 125 GeV. The search for such
a lighter Higgs Boson represents one of the most impor-
tant avenues for probing the possible structure of physics
beyond the Standard Model. In this paper, we explored
the possibility of constraining a lighter neutral scalar
Higgs boson h1 and a lighter pseudo-scalar Higgs boson
a1 in the Next-to-Minimal Supersymmetric Standard
Model by restricting the next-to-lightest scalar Higgs
boson h2 to be the LHC observed Higgs boson after
the phenomenological constraints and constraints from
experimental measurements have been imposed. Such a
lighter particle is not yet completely excluded by the lat-
est results of the search for a lighter Higgs boson with the
diphoton decay channel from the LHC data collected by
the CMS detector at 13 TeV. For a lighter neutral scalar
h1, we can expect to exclude some NMSSM region in the
parameter space. While the latest CMS results shows no
sensitivity to a light pseudo-scalar in the diphoton final
state, our results show that some new constraints on the
Next-to-Minimal Supersymmetric Standard Model could
be obtained at the LHC if such a search is performed by
the experimental collaborations with additional data in
the future. The discovery potentials for other interesting
decay channels of such a lighter neutral scalar or pseudo-
scalar particle have also been discussed. For the bb¯ and
τ+τ− final states of both h1 and a1 in the investigated
mass range, it is possible to detect such lighter particles
by the experiments at the LHC.
The authors would like to thank Ulrich Ellwanger and
Cyril Hugonie for helpful discussions.
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Fig. 6. Signal rates as functions of the a1 mass for other interesting decay channels: (σ×BR)a1→bb¯ (top left),
(σ×BR)a1→τ+τ− (top middle), (σ×BR)a1→W+W− (top right), (σ×BR)a1→ZZ (bottom left), (σ×BR)a1→Zγ
(bottom right), and (σ×BR)a1→µ+µ− (bottom right).
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